How the primary sequence of a protein encodes conformational preferences that operate early in folding to promote efficient formation of the correct native topology is still poorly understood. To address this issue, we have prepared a set of yeast iso-1-cytochrome c variants that contain polyalanine inserts ranging from 6 to 30 residues in length near the N terminus of the protein. We study the thermodynamics and kinetics of His-heme loop formation in the denatured state at 3 and 6 M guanidine-HCl concentration. We find that polyalanine closely approximates a random coil with excluded volume giving scaling exponents, ν 3 , for equilibrium loop formation of 2.26 AE 0.13 and 1.97 AE 0.04 in 3 and 6 M guanidine-HCl, respectively. The rate of loop breakage initially decreases and then becomes independent of loop size as would be expected for a random coil. Comparison with previously reported data for denatured state His-heme loop formation for iso-1-cytochrome c and Rhodopseudomonas palustris cytochrome c′, shows that foldable sequences deviate significantly from random coil behavior and that the deviation is fold-dependent.
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protein folding | residual structure | chain stiffness I t is long-accepted that the primary sequence of a protein is sufficient to define the fold of a protein (1) . Yet, unlike the genetic code, the essence of the folding code remains elusive. Mutagenesis studies have demonstrated that the folding code is highly redundant, making the task of deciphering it a considerable challenge (2) . By contrast, recent work on natively unfolded proteins has provided insight into factors that tend to militate against folding to a well-defined structure. These attributes include low sequence complexity and high charge (3) . Assignment of denatured state thermodynamic descriptors to the primary sequence of a protein has been shown to provide for high-fidelity fold recognition (4) . Imposition of a funneled landscape on the basis of the native state structure is essential to reproduce distance distributions from time-resolved FRET (trFRET) studies in the denatured state (5) . Application of the molecular transfer model (MTM) to the denatured state ensemble (DSE) indicates that residual structure and collapse are sequence-dependent (6) . Thus, clearly the sequence-specific properties of the DSE encode information about a fold. Yet, bulk properties of the DSE such as compactness seem to depend only on sequence composition and not sequence order (7) . Thus, our knowledge of how the DSE differs for protein sequences that fold to well-defined globular structures versus those that do not is rudimentary.
Fundamental studies to define the polymer properties of disordered polypeptides have relied on simple repetitive sequences that do not fold to a well-defined globular structure in aqueous solution (8) (9) (10) (11) (12) (13) . These studies have shown that disordered polypeptides are well-approximated by a random coil model. Scaling exponents, ν 3 , for loop formation derived from the JacobsonStockmayer theory (Eq. 2, Results and Discussion) are in the range 1.5-2.1, as expected for a random coil or a random coil with excluded volume (10) (11) (12) . Sequence-dependent effects on chain properties consistent with the expected effects of side chains on backbone flexibility also have been observed (12, 13) . By contrast, studies on foldable protein sequences have shown that the DSE can have unusually small (14) or large (15, 16) scaling exponents because of residual structure, and, even when the scaling properties are consistent with a random coil, significant variation in the local behavior of the protein chain can occur (17) . To reconcile these divergent observations for the DSE of low sequence-complexity models and the DSE of foldable protein sequences, a direct comparison of their properties by using the same method is essential.
In previous work, we have used equilibrium and kinetic methods to measure histidine-heme loop formation as a function of loop size, n, in the denatured state of two different c-type cytochromes, yeast iso-1-cytochrome c, iso-1-Cytc, and Rhodopseudomonas palustris cytochrome c′, Cytc′ (15) (16) (17) (18) . We have now prepared a set of polyalanine inserts near the N terminus of iso-1-Cytc that allow direct comparison of the equilibrium and kinetic properties of His-heme loop formation as a function of n for a low-complexity sequence with our previous results on foldable sequences. These results show that foldable and nonfoldable sequences behave very differently.
Results and Discussion
Design of Variants. All poly(Ala) variants contain inserts in the 5 amino acid N-terminal extension (numbered −5 to −1) that occurs in iso-1-Cytc but not in the mitochrondrial cytochromes c of higher eukaryotes (19) . The N-terminal extension is flexible (20) (21) (22) and thus should readily accept homopolymeric inserts of alanine. We also have shown previously that this region of the protein can accept short inserts (23, 24) . The inserts were made between an engineered histidine at position −2 ½Kð−2ÞH and Alað−1Þ as shown in Fig. 1A . Each insert contains five alanines and terminates with a lysine. Thus, as the polyalanine segment grows, every sixth residue is a lysine to maintain solubility. All variants have had the wild-type histidines at positions 26, 33, and 39 replaced (H26N, H33N, and H39Q) so that Hisð−2Þ is the only histidine capable of forming a loop under denaturing conditions. Variants containing 1-5 AAAAAK inserts (n ¼ 1-5 in Fig. 1 ) are designated NH5A-X, where X ¼ 1-5, respectively.
His-Heme Loop Formation in the Denatured State. Denatured state His-heme binding allows measurement of both the equilibria and kinetics of formation of simple polypeptide loops (15-18, 23, 24) . The heme must be covalently attached to the polypeptide chain as with iso-1-Cytc, where the heme is attached through Cys14, Cys17, and His18. His-heme loop formation is measured by a simple pH titration monitored at 398 nm, a wavelength sensitive to the heme spin-state change when the strong field histidine ligand replaces the weak field ligand, water (Fig. 1B) . The apparent pK a , pK a ðobsÞ, obtained gives the relative stability of loops of different sizes. A lower pK a ðobsÞ indicates a more stable loop (higher proton concentration needed to break the loop).
His-heme loop formation can be broken down into two steps, ionization of the histidine followed by binding of the deprotonated histidine to the heme as expressed in Eq. 1, where pK loop ðHisÞ is the pK for His-heme loop formation with a fully pK a ðobsÞ ¼ pK a ðHisH þ Þ þ pK loop ðHisÞ [1] deprotonated histidine and pK a ðHisH þ Þ is the intrinsic pK a of the histidine that forms the loop. For histidines at three positions in iso-1-Cytc, pK a ðHisH þ Þ ¼ 6.6 AE 0.1 at guanidine-HCl (gdnHCl) concentrations ranging from 3 to 6 M (16). For histidines at four positions in Cytc′, pK a ðHisH þ Þ ¼ 6.7 AE 0.2 in 3 M gdnHCl (17) . Because pK a ðHisH þ Þ is independent of sequence position and gdnHCl concentration, pK loop ðHisÞ is readily obtained by subtracting pK a ðHisH þ Þ from pK a ðobsÞ.
The Jacobson-Stockmayer equation (25) given in Eq. 2
provides the entropy for loop formation for a random coil, where n is the number of monomers in the loop, R is the gas constant, C n is Flory's characteristic ratio, l is the distance between monomers, V i is the approach volume of the atoms involved in loop formation, and ν 3 is the scaling exponent for loop formation. identical for all His-heme loops, and is incorporated into pK loop ðHisÞ ref .
Stability of Polyalanine Variants. GdnHCl denaturation of each variant ( Fig. S1 ) was carried out to ascertain the conditions necessary to fully denature each variant for denatured state loop formation experiments. Table 1 summarizes the stability data for the NH5A-1 to NH5A-5 variants. All five variants have free energies of unfolding in the absence of denaturant, ΔG o0 u ðH 2 OÞ, ranging from 2 to 2.5 kcal mol −1 , and unfolding midpoints, C m , ranging from 0.44 to 0.76 M gdnHCl. The variant with no insert, NHð−2ÞI52, contains only Hisð−2Þ. It also contains a stabilizing Asn52 to Ile mutation, giving C m ¼ 1.2 M. Thus, all variants are fully denatured in 3 and 6 M gdnHCl, the conditions used here for denatured state loop formation measurements.
We include data for the NK5A-1 variant in Table 1 . This variant is identical to the NH5A-1 variant except position −2 is lysine rather than histidine. The ∼2 kcal mol −1 decrease in the stability of NH5A-1 relative to NK5A-1 is attributable to stabilization of the denatured state by the His-heme loop (23) . As the denatured state His-heme loop increases in size, the stabilities of the NH5A-X variants increase slowly. The increase in stability is likely in part because the denatured state His-heme loop becomes entropically less favorable. However, the helical content of these variants increases significantly as the length of the polyalanine insert increases (Fig. S2 ). The denaturant m value also decreases for variants with longer inserts ( Table 1 ), suggesting that unfolding of the polyalanine insert and the globular fold of iso-1-Cytc are not completely coupled. Thus, the observed changes in stability as insert length increases (Table 1) should be interpreted with caution. Equilibrium Loop Formation in the Denatured State. Denatured state His-heme loop formation is readily monitored at 398 nm (Fig. S3 ). An isosbestic point near 404 nm shows that the process is twostate (Fig. S3 ). The pK a ðobsÞ and number of protons released upon His-heme loop formation, n p , are reported in Table 2 for all variants. As expected from the scheme in Fig. 1B , n p is near 1 in all cases. At both 3 and 6 M gdnHCl, as the size of the loop increases, pK a ðobsÞ increases, indicating that the larger His-heme loops are less favorable. For each variant, the stability of the loop is also lower in 6 M gdnHCl than in 3 M gdnHCl. pK loop ðHisÞ obtained with Eq. 1 was plotted against LogðnÞ and fitted to Eq. 3, yielding ν 3 ¼ 2.26 AE 0.13 at 3 M gdnHCl and ν 3 ¼ 1.97 AE 0.04 at 6 M gdnHCl (Fig. 2) . Both values are within the range of 1.8-2.4 expected for a random coil with excluded volume (27) (28) (29) and similar to values of 1.5-2.1 obtained from the kinetics of loop formation with low-complexity peptide sequences (10) (11) (12) . The scatter about the predicted dependence of pK loop ðHisÞ on LogðnÞ is minimal as seen for the kinetics of loop formation with lowcomplexity peptide sequences (10-13). Thus, sequences of low complexity do not deviate significantly from random coil behavior.
The scaling exponent we observe for our polyalanine sequences is about 15% larger in 3 M versus 6 M gdnHCl. However, if the data for the variants with no insert or only one insert are eliminated from the fit of the 3 M gdnHCl data to Eq. 3, ν 3 drops to 2.0 AE 0.1 (dashed line in Fig. 2 ), identical to ν 3 observed in 6 M gdnHCl. Thus, loops dominated by the natural sequence of iso-1-Cytc retain some residual structure in 3 M gdnHCl that is eliminated in 6 M gdnHCl.
By using the data at 3 and 6 M gdnHCl, we can estimate equilibrium m values for denatured state loop formation by polyalanine (Table S1 ). For the variants that form the four longest loops, m ∼ 0.07 kcal mol −1 M −1 , indicating that there is very little residual structure in these polyalanine segments. For the NH (-2)I52 and NH5A-1 variants, which form loops composed of all or mostly native sequence, m ∼ 0.12 kcal mol −1 M −1 . Even this m value is at the low end of the range of 0.15-0.46 kcal mol −1 M −1 observed previously for denatured state His-heme loop formation with the natural sequence of iso-1-Cytc C-terminal to the site of heme attachment (16) . Thus, the tendency to form residual structure in the denatured state for the N-terminal part of the sequence of iso-1-Cytc is modest, compared to the C-terminal part of the sequence.
Kinetics of His-Heme Loop Breakage in the Denatured State. We have shown in previous work that the kinetics of denatured state Hisheme loop formation and breakage is consistent with a kinetic model involving a rapid protonation equilibrium followed by His-heme loop formation (18) . For this model, the pH dependence of the observed rate constant for loop formation and breakage, k obs , is given by Eq. 4 (30), where k f is the rate constant
for loop formation, k b is the rate constant for loop breakage, and K a is the acid dissociation constant of the ionizable group coupled to loop formation. Thus, for pH ≪ pK a ðHisH þ Þ, k obs ¼ k b . pH jump experiments from a pH where the His-heme loop is formed to a pH where the loop is broken were used to obtain k b for each variant in both 3 and 6 M gdnHCl. The data fit well to a single exponential function (Fig 3A, Inset) . The pH dependence of k obs for all variants is consistent with k obs having leveled off at k obs ¼ k b (Table S2 ). At both 3 and 6 M gdnHCl, k b decreases as the loop size increases from 16 to 28 and levels off for loop sizes above 30 ( Fig 3A) . For a random coil, this invariance in k b as a function of loop size is exactly the expected behavior. Only the intrinsic properties of the His-heme bond and not the length of the intervening loop should affect k b . This behavior contrasts sharply with the irregular variation in k b observed for the natural sequence of iso-1-Cytc (18, 27). For n < 30, k b increases significantly as the loop size decreases, likely a result of steric strain in the loop because of chain stiffness. The observation that chain stiffness impacts loop dynamics for n < 30 is consistent with previous experimental (12) and theoretical work (31) . Because His-heme loop formation is two-state (Fig. S3) , the equilibrium constant for His-heme loop formation, K loop ðHisÞ, can be used along with k b to obtain the rate constant for loop formation, k f (Table S3 ). Plots of Logðk f Þ versus LogðnÞ are linear at both 3 and 6 M gdnHCl (Fig. 3B) . The scaling exponent, ν 3 , obtained from these fits is 2.6 AE 0.2 at 3 M gdnHCl and 2.28 AE 0.05 at 6 M gdnHCl. These values are about 15% higher than obtained from the equilibrium data but still reasonably consistent with the expected range for a random coil with excluded volume. As with the equilibrium measurements, if the data for the variants with no insert [NHð−2ÞI52] or only one insert (NH5A-1) are eliminated from the fit to the data at 3 M gdnHCl, ν 3 drops to 2.17 AE 0.16, similar to ν 3 observed in 6 M gdnHCl. Thus, the variants with predominately native sequence within the His-heme loop behave qualitatively differently from the longer polyalanine loops. In 6 M gdnHCl, the rate constants for loop formation are uniformly smaller than in 3 M gdnHCl, indicating that the root mean square end-to-end distance of the groups forming the loop is greater in 6 M than in 3 M gdnHCl. Expansion of polypeptide chains in higher concentrations of denaturants has long been observed and appears to be a general observation for the DSE of proteins (6, 32-34). Reported values are the average and standard deviation of three to six independent trials. Fig. 2 . Plot of pK loop ðHisÞ versus the logarithm of loop size, n, at 3 (○) and 6 M (•) gdnHCl. pK loop ðHisÞ was calculated from the pK a ðobsÞ data in Table 2 by using Eq. 1 and pK a ðHisH þ Þ ¼ 6.6 (16). Solid lines are fits of the data at 3 and 6 M gdnHCl to Eq. 3. The dashed line is a fit of the data for the four longest loop sizes at 3 M gdnHCl to Eq. 3.
Kinetic m Values, m ‡ , for Loop Formation. For all variants, k b decreases by about 20-25% in going from 3 to 6 M gdnHCl (Table S2 ). The observation that k b decreases in 6 M versus 3 M gdnHCl is surprising. When a protein unfolds, lnðk obs Þ increases linearly with increasing denaturant concentration in the unfolding arm of the Chevron plot. The slope of such a plot provides information about the amount of structure that must break up for the native state of the protein to reach the transition state (TS) for unfolding (35) . Nominally, the decrease in k b at 6 M versus 3 M gdnHCl would suggest that additional structure forms on the way to the TS for His-heme loop breakage. However, rate constants for both folding and unfolding of proteins are affected by solution viscosity (36) (37) (38) . Thus, k b must be corrected for viscosity before interpreting the denaturant dependence of k b in terms of structure. Kiefhaber and coworkers have shown that the dynamics of disordered polypeptides is inversely proportional to viscosity (39) . The k b in 6 M gdnHCl corrected for the effect of increased viscosity relative to k b in 3 M gdnHCl, k (Table S4) , are shown in Fig. 3A . In all cases the k (Table S1 ), although they are considerably larger than m ‡ b corr . Overall, loop formation with polyalanine leads to little burial of surface area, most of which occurs before the TS for loop formation.
Comparison with Loop Formation in the Denatured State of Foldable
Sequences. We have measured equilibrium loop formation for His-heme loops of 10-111 residues in 3 M gdnHCl for Cytc′ from R. palustris, which is a four-helix bundle protein (17) . These data are compared with the data for the poly(Ala) variants of iso-1-Cytc in Fig 4A. The best fits of both datasets to Eq. 3 are similar; however, the scatter about the fit is considerably larger for Cytc′. Thus, in contrast to polyalanine loop formation, the sequence of Cytc′ encodes contact preferences that vary significantly along the sequence and persist even in 3 M gdnHCl. Whereas DSE collapse may depend only on sequence composition (7), the persistent interactions that lead to collapse are clearly sequencedependent (Fig 4A) , as also seen for the DSE of protein L by using the MTM method (6). (Table S4 ). The inset shows loop breakage data at 3 M gdnHCl for the NH5A-3 variant (n ¼ 34) monitored with absorbance at 398 nm, A 398 , after a pH jump from pH 6.2 to pH 3.75. The solid curve is a fit of the data to a single exponential rise to maximum equation. (B) Plot of Logðk f Þ versus LogðnÞ at 3 (○) and 6 M (•) gdnHCl. The loop formation rate constants, k f , are collected in Table S3 . The solid lines are fits of the data to a linear equation yielding ν 3 as the slope. In Fig 4B, we compare His-heme loop formation as a function of loop size and gdnHCl concentration for the natural sequence of iso-1-Cytc C-terminal to heme attachment site to the data for the poly(Ala) variants of iso-1-Cytc. Clearly, the response of the natural sequence of iso-1-Cytc to gdnHCl concentration is much more dramatic. In contrast to polyalanine, there is a marked tendency toward residual structure in the DSE of iso-1-Cytc. In 6 M gdnHCl, ν 3 for His-heme loops formed with the natural sequence of iso-1-Cytc is similar to that observed for polyalanine His-heme loops. By contrast, pK loop ðHisÞ data in 2 M gdnHCl yields ν 3 ∼ 4, because of the effects of residual structure.
Comparison of the deviations from random coil behavior for Cytc′ and iso-1-Cytc relative to polyalanine show that they are significantly different (Fig. 4) . For Cytc′ the deviations result in scatter above and below the pK loop ðHisÞ versus LogðnÞ dependence for polyalanine. For iso-1-Cytc, the scatter about the best fit lines to Eq. 3 is not as substantial, but there is a clear preference for loop formation near the center of the sequence at low denaturant concentrations. A similar preference for residual structure in the DSE leading to chain collapse is observed for this part of the sequence of iso-1-Cytc in trFRET experiments (34) , with simulations indicating that electrostatic interactions guide the specificity of collapse (5) . Relative to a homopolymer like polyalanine, evolved foldable heteropolymers have strong sequence-dependent contact formation preferences that are retained even under moderately strong denaturing conditions. Thus, our His-heme loop formation data show that denatured state contact biases are fold-specific, experimentally verifying the recent observation that thermodynamic characteristics of proteins under denaturing conditions, derived theoretically, are fold-specific (4).
Materials and Methods
Preparation of poly(Ala) Variants. The NH5A-1 and NH(-2)I52 variants were produced as previously described (23, 24) . The NH5A-2 through NH5A-5 variants were produced by sequential insertion mutagenesis in the pBTR1 vector (40) containing the NH5A-1 variant by using either the unique restriction site elimination method (41) or the QuikChange PCR-based protocol (Agilent Technologies). Polyalanine insertions were confirmed by sequencing the entire coding region of the iso-1-Cytc gene. All variants contain a C102S mutation to prevent intermolecular disulfide formation. All variants were expressed and purified from Escherichia coli BL21-DE3 cells (Novagen) as previously described (23, 24) .
Protein Stability Measurements. GdnHCl denaturation experiments were monitored by circular dichroism at 222 nm, as previously described (24) . ΔG o0 u (H 2 O), m, and C m reported in Table 1 were obtained by using a linear free energy relationship, as described previously (15) .
Equilibrium Denatured State His-Heme Loop Formation. His-heme loop formation in 3 and 6 M gdnHCl at 22 AE 1°C was carried out in the presence of 5 mM sodium phosphate, 15 mM NaCl, and 1.0 mM EDTA, as previously described (16, 23, 24) . The molecular weight of each variant was confirmed by MALDI-TOF mass spectrometry before and after each experiment. No significant backbone fragmentation (23) occurred for any of the data reported here. To obtain pK a ðobsÞ and n p , absorbance data at 398 nm as a function of pH were fit to a modified form of the Henderson-Hasselbalch equation that allows n p to vary in the fit (17) .
Kinetics of Denatured State His-Heme Loop Breakage. His-heme loop breakage was measured by stopped-flow mixing (Applied Photophysics SX20 stoppedflow analyzer), as previously described (18, 24) . Downward pH jumps started at pH 6.2 (10 mM MES buffer) in 3 or 6 M gdnHCl. The ending pH was achieved by 1∶1 mixing with 100 mM glycine or acetate buffers in 3 or 6 M gdnHCl. Final pH was measured directly by collecting the effluent from the mixing reaction. All buffers contained 1.0 mM EDTA to minimize backbone cleavage (24) . MALDI-TOF mass spectrometry measurements before and after each experiment showed that no significant backbone cleavage had occurred for any of the reported data.
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Tzul et al. 10 .1073/pnas.1004572107 Fig. S1 . Plot of ellipticity at 222 nm, θ 222 , versus concentration of gdnHCl for the NH5A-5 variant of iso-1-Cytc. Data were collected at 25°C using a Hamilton microlab 500 titrator coupled to an Applied Photophysics Chirascan circular dichroism spectrometer. Protein at 4 μM concentration in 20 mM Tris, pH 7, 40 mM NaCl, 1.0 mM EDTA was titrated with protein at 4 μM protein concentration in ∼6 M gdnHCl containing the same buffer. Due to the increase in ellipticity at low gdnHCl concentration, the first 2-3 data points were usually not used in data fitting. Points used in the fit (Solid Line) are shown as open circles. Data were fit to a linear free energy relationship, as previously described. In particular, the native baseline was assumed to be independent of gdnHCl concentration (1). Thermodynamic parameters, ΔG o0 u (H 2 O), m, and C m , from the fit are collected in Table 1 in the main text. Measurements were made at 4 μM protein concentration for all variants. Data were collected at 25°C using a Hamilton microlab 500 titrator coupled to an Applied Photophysics PiStar 180 (NH5A-1, NH5A-2, and NH5A-3) or Chirascan (NH5A-4 and NH5A-5) circular dichroism spectrometer. Protein at 4 μM concentration in 20 mM Tris, pH 7, 40 mM NaCl, 1.0 mM EDTA was titrated with protein at 4 μM protein concentration in ∼6 M gdnHCl containing the same buffer. Data were fit to a linear free energy relationship, as previously described. In particular, the native baseline was assumed to be independent of gdnHCl concentration (1) . Thermodynamic parameters, ΔG o0 u (H 2 O), m, and C m , from the fits are collected in Table 1 in the main text. NH5A-5 73 ± 1 76.0 ± 1.9 56.9 ± 0.5 -Data are the average and standard deviation of at least six trials. *The k obs data from downward pH jump experiments at the lower pH value for each variant are equivalent to k b since the calculated [Eq. 4, main text, using k f from Table S3 , pK a ðHisH þ Þ ¼ 6.6 (1) and the pH values given above] contribution from k f at these low pHs is 1-5 and 0.7-3 s −1 at 3 and 6 M gdnHCl, respectively. The loop formation rate constants are obtained from k f ¼ K loop ðHisÞ × k b , where k b is from Table S2 and K loop ¼ 10 −pKloop ðHisÞ . pK loop ðHisÞ is derived from the pK a ðobsÞ data in Table 2 in the main text by subtracting pK a ðHisH þ Þ ¼ 6.6 (1). Errors are from propagation of the errors in pK a ðobsÞ and k b .
